During land plant evolution, determinate spore-bearing axes (retained in extant bryophytes such as 27 mosses) were progressively transformed into indeterminate branching shoots with specialized 28 reproductive axes that form flowers. The LEAFY transcription factor, which is required for the first 29 zygotic cell division in mosses and primarily for floral meristem identity in flowering plants, may have 30 facilitated developmental innovations during these transitions. Mapping the LEAFY evolutionary 31 trajectory has been challenging, however, because there is no functional overlap between mosses and 32 flowering plants, and no functional data from intervening lineages. Here, we report a transgenic analysis 33 in the fern Ceratopteris richardii that reveals a role for LEAFY in maintaining cell divisions in the 34 apical stem cells of both haploid and diploid phases of the lifecycle. These results support an 35 evolutionary trajectory in which an ancestral LEAFY module that promotes cell proliferation was 36 progressively co-opted, adapted and specialized as novel shoot developmental contexts emerged. 37 38 39 40 AUTHOR CONTRIBUTIONS 41 VSD cloned the CrLFY coding sequences and made the RNAi constructs during a sabbatical visit to the 42 University of Oxford; ARP and EHR performed transformations in Ceratopteris richardii and EHR 43 maintained T0 transgenic plants; ARP cloned the CrLFY1 promoter, made GUS reporter constructs, 44 validated transgenic reporter lines, conducted GUS staining, and performed gel blot analysis of CrLFY 45 copy number; SJC and KDHH screened, validated and characterized the RNAi lines; KDHH performed 46 ontogenetic gene expression analysis; VSD performed statistical analyses; SJC conducted in situ 47 localization experiments; JAL performed the phylogenetic analysis; JAL & ARP wrote the first draft of 48 the paper, all authors contributed to the final version.
The LFY gene family is present as a single gene copy in most land plant genomes (Sayou et al., 2014) . 134
In this regard, the presence of two LFY genes in Ceratopteris (Himi et al., 2001) is atypical. To determine 135 whether this gene duplication is more broadly represented within the ferns and related species (hereafter 136 'ferns'), a previous amino acid alignment of LFY orthologs (Sayou et al., 2014) was pruned and 137 supplemented with newly-available fern homologs (see Materials and Methods) to create a dataset of 138 120 sequences, ~50% of which were from the fern lineage (Supplementary Files 1-3) . The 139 phylogenetic topology inferred within the vascular plants using the entire dataset (Figure 1-figure  140 supplement 1) was consistent with previous analyses (Qiu et al., 2006; Wickett et al., 2014) . Within 141 the ferns (64 in total), phylogenetic relationships between LFY sequences indicated that the two gene 142 copies identified in Equisetum arvense, Azolla caroliniana and Ceratopteris each resulted from recent 143 independent duplication events (Figure 1) . Gel blot analysis confirmed the presence of no more than 144 two LFY genes in the Ceratopteris genome (Figure 1-figure supplement 2) . Given that the topology of 145 the tree excludes the possibility of a gene duplication prior to diversification of the ferns, CrLFY1 and 146
CrLFY2 are equally orthologous to the single copy LFY representatives in other fern species. 147 148 Figure 1. CrLFY1 and CrLFY2 arose from a recent gene duplication event. Inferred phylogenetic tree from maximum likelihood analysis of 64 LFY amino acid sequences (see Supplementary File 1 for accession numbers) sampled from within the fern lineage plus lycophyte sequences as an outgroup. Bootstrap values are given for each node. The tree shown is extracted from a phylogeny with representative sequences from all land plant lineages (Figure 1-figure supplement  1) . The Ceratopteris richardii genome contains no more than two copies of LFY (Figure 1-figure supplement 2; indicated by *). Different taxonomic clades within the fern lineage are denoted by different colours, as shown. The divergence between eusporangiate and leptosporangiate ferns is indicated by arrows.
CrLFY1 and CrLFY2 transcripts accumulate differentially during the Ceratopteris lifecycle 149
The presence of two LFY genes in the Ceratopteris genome raises the possibility that gene activity was 150 neo-or sub-functionalized following duplication. To test this hypothesis, transcript accumulation 151 patterns of CrLFY1 and CrLFY2 were investigated throughout the Ceratopteris lifecycle. The sampled 152 developmental stages spanned from imbibed spores prior to germination (Figure 2A) , to differentiated 153 male and hermaphrodite gametophytes (Figure 2B-D) , through fertilization and formation of the diploid 154 embryo (Figure 2E) , to development of the increasingly complex sporophyte body plan (Figure 2F -155 K). Quantitative RT-PCR analysis detected transcripts of both CrLFY1 and CrLFY2 at all stages after 156 spore germination, but only CrLFY2 transcripts were detected in spores prior to germination ( Figure  157 2L). A two-way ANOVA yielded a highly significant interaction (F(10,22) = 14.21; p < 0.0001) 158 between gene copy and developmental stage that had not been reported in earlier studies (Himi et al., 159 2001) , and is indicative of differential CrLFY1/2 gene expression that is dependent on developmental 160 stage. Of particular note were significant differences between CrLFY1 and CrLFY2 transcript levels 161 during sporophyte development. Whereas CrLFY2 transcript levels were comparable across sporophyte 162 samples, CrLFY1 transcript levels were much higher in samples that contained the shoot apex ( Figure  163 2F, G) than in those that contained just fronds ( Figure 2H-K) . These data suggest that CrLFY1 and 164
CrLFY2 genes may play divergent roles during sporophyte development, with CrLFY1 acting primarily 165 in the shoot apex and CrLFY2 acting more generally. Representative images of the developmental stages sampled for expression analysis in (L). Imbibed spores (A); populations of developing gametophytes harvested at 5 (B, C) and 8 (D) days after spore-sowing (DPS), comprising only males (B) or a mixture of hermaphrodites (h) and males (m) (C, D); fertilized gametophyte subtending a developing sporophyte embryo (em) (E); whole sporophyte shoots comprising the shoot apex with 3 (F) or 5 expanded entire fronds attached (G); individual vegetative fronds demonstrating a heteroblastic progression in which frond complexity increases through successive iterations of lateral outgrowths (pinnae) (H-J); complex fertile frond with sporangia on the underside of individual pinnae (K). Scale bars = 100 um (A-E), 5 mm (F-H), 20 mm (I-K). L. Relative expression levels of CrLFY1 and CrLFY2 (normalised against the housekeeping genes CrACTIN1 and CrTBP) at different stages of development. n = 3; Error bars = standard error of the mean (SEM). Pairwise statistical comparisons (ANOVA followed by Tukey's multiple comparisons test-Supplementary File 4) found no significant difference in CrLFY2 transcript levels between any gametophyte or sporophyte tissues sampled after spore germination (p > 0.05) and no significant difference between CrLFY1 and CrLFY2 transcript levels during early gametophyte development (p>0.05) (B, C). Differences between CrLFY1 and CrLFY2 transcript levels were significant in gametophytes at 8 DPS (P<0.05) (D). CrLFY1 transcript levels were significantly higher in whole young sporophytes (F) and vegetative shoots (G) compared to isolated fronds (H-K) (p < 0.05). CrLFY1 transcript levels in whole sporophytes and shoots were greater than CrLFY2, whereas in isolated fronds CrLFY1 transcript levels were consistently lower than CrLFY2 (p < 0.05). Asterisks denote significant difference (*, p < 0.05; **, p < 0.01, ***, p < 0.001; ****, p < 0.0001) between CrLFY1 and CrLFY2 transcript levels (Sidak's multiple comparisons test) within a developmental stage. Letters denote significant difference (p < 0.05) between developmental stages for CrLFY1 or CrLFY2 (Tukey's test). Groups marked with the same letter are not significantly different from each other (p > 0.05). Statistical comparisons between developmental stages were considered separately for CrLFY1 and CrLFY2. The use of different letters between CrLFY1 and CrLFY2 does not indicate a significant difference. (Figure 4-figure supplement 1) . Z-AD. Fronds can initiate de novo shoots (white arrowheads) from marginal tissue between existing frond pinnae (Z, AA). GUS activity was detected in emerging de novo shoot apices on CrLFY1pro::GUS fronds (AB-AD). Scale bars = 10 mm (Z, AA), 500 µm (AB-AD).
in which one of four RNAi constructs targeted to CrLFY1, CrLFY2 or both were expressed from the 224 maize ubiquitin promoter (ZmUbipro) (Supplementary File 6). Phenotypic screening identified 10 lines 225 with similar developmental defects that were associated with reduced CrLFY expression ( Table 1) (Figure 5B ) and the remainder exhibiting premature shoot apex termination, typically after 233 producing several distorted fronds (Figure 5C-H) . Sub-populations of phenotypically normal 234 transgenic sporophytes were also identified in some of these lines (Figure 5I-L) . The two remaining 235 lines exhibited less severe shoot phenotypes, one (B19) undergoing shoot termination only when wild-236 type sporophytes produced complex fronds (Figure 5M, N) and the other (D4a) completing sporophyte 237 Table 1 . Summary of CrLFY RNAi transgenic lines and their phenotypic characterization. Transgenic lines exhibited gametophytic developmental arrest and/or sporophyte shoot termination at varying stages of development. '+' indicates that a particular line was phenotypically normal at the developmental stage indicated, '-' indicates that development had arrested at or prior to this stage. In lines marked '+/-' the stage at which developmental defects occurred varied between individuals within the line, and at least some arrested individuals were identified at the stage indicated. The five ZmUbipro::CrLFY1/2-i1 lines shown were generated from three rounds of transformation, the pairs of lines B16 and B19 and D2 and D4 potentially arising from the same transformation event. For all other constructs each transgenic line arose from a separate round of transformation and so must represent independent T-DNA insertions. 
RNAi transgene Line
Gametophyte phase Sporophyte phase development but reduced in size to approximately 50% of wild-type (Figure 5O, P) . Despite the 238 predicted sequence specificity of CrLFY1-i3 and CrLFY2-i4 (Supplementary File 6) , quantitative RT-239 PCR analysis found that all four RNAi constructs led to suppressed transcript levels of both CrLFY 240 genes ( Figure 5Q) . The severity of the shoot phenotype was correlated with the level of endogenous 241
CrLFY transcripts detected across all lines (Figure 5Q) , with relative levels of both CrLFY1 and 242
CrLFY2 significantly reduced compared to wild-type in all early-terminating sporophytes (p < 0.0001 243 and p < 0.01, respectively). Notably, phenotypic differences between the two less-severe lines correlated 244 with differences in CrLFY1 transcript levels, which were significantly reduced (p < 0.01) in late-245 terminating line B19 but not significantly different from wild-type (p > 0.05) in the non-arresting line 246
D4a. CrLFY2 expression was not significantly different from wild-type (p > 0.05) in either the B19 or 247
D4a line, or in the phenotypically normal transgenics. Together these data indicate that wild-type levels 248
of CrLFY2 are sufficient to compensate for some loss of CrLFY1, but at least 10% of wild-type CrLFY1 249 activity is required to prevent premature termination of the shoot apex. It can thus be concluded that 250
CrLFY1 and CrLFY2 act partially redundantly to maintain indeterminacy of the shoot apex in 251
Ceratopteris, a role not found in the early divergent bryophyte P. patens, nor known to be retained in 252 the majority of later diverging flowering plants. 253 Transcript levels are depicted relative to wild type. n = 3, error bars = standard error of the mean (SEM). CrLFY1 and CrLFY2 expression levels were significantly reduced compared to wild type (≤1% and 3-19%, respectively) in all transgenic lines where sporophyte shoots undergo early termination (A-H), but in phenotypically normal (pn) sporophytes segregating in the same lines (I-L), only CrLFY1 transcript levels were reduced (D4b, p < 0.01; D13, F9, p < 0.05). CrLFY2 transcript levels were not significantly different from wild-type in the phenotypically normal sporophytes at 25 DAF (I-L) or in the sporophytes that survived to 63 (N) or 106 (P) DAF. CrLFY1 levels were significantly reduced (~10%) in line B19 where shoot termination occurred ~63 DAF (N) but were not significantly different from wild type in line D4a where shoot development did not terminate prematurely (P). Asterisks denote level of P were significant difference (*, p < 0.05; **, p < 0.01, ***, p < 0.001; ****, p < 0.0001) from wild type. Ceratopteris gametophyte germinates from a single-celled haploid spore, establishing a single apical 260 cell (AC) within the first few cell divisions (Figure 6A) . Divisions of the AC go on to form a two-261 dimensional photosynthetic thallus in both the hermaphrodite (Figure 6B ) and male sexes (Figure 6C) . 262
In contrast, the gametophytes from six RNAi lines (carrying either ZmUbipro::CrLFY1-i3, 263
ZmUbipro::CrLFY1/2-i1 or ZmUbipro::CrLFY1/2-i2) exhibited developmental arrest (Figure 6D-J) , 264 which in five lines clearly related to a failure of AC activity. The point at which AC arrest occurred 265 varied, in the most severe line occurring prior to or during AC specification (Figure 6D ) and in others 266 during AC-driven thallus proliferation (Figure 6E-I) . Failure of AC activity was observed in both 267 hermaphrodites ( Figure 6E ) and males (Figure 6H, I) . The phenotypically least severe line exhibited 268 hermaphrodite developmental arrest only after AC activity had been replaced by the notch meristem 269 ( Figure 6J) . A role for CrLFY in maintenance of gametophyte AC activity was supported by the 270 detection of CrLFY transcripts in the AC and immediate daughter cells of wild-type gametophytes 271 (Figure 6K-N) . By contrast CrLFY transcripts were not detected in arrested ZmUbipro::CrLFY1/2-i1 272 lines (Figure 6O-R) despite confirmed presence of the transgene (Figure 6-figure supplement 1) . 273
Although the observed phenotypes could not be ascribed to a specific gene copy, these data support a 274 role for CrLFY in AC maintenance during gametophyte development, and thus invoke a role for LFY 275 in the regulation of apical activity in both the sporophyte and gametophyte phases of vascular plant 276 development. 277
Figure 6. Suppression of CrLFY expression causes early termination of the Ceratopteris gametophyte apical cell. A-C.
The wild-type Ceratopteris gametophyte establishes a triangular apical cell (ac) shortly after spore (sp) germination (A). Divisions of the apical cell establish a photosynthetic thallus in both hermaphrodite and male gametophytes. At 10 days post spore sowing (DPS) both gametophyte sexes are approaching maturity, with the hermaphrodite (B) having formed a chordate shape from divisions at a lateral notch meristem (n) and having produced egg-containing archegonia (ar), sperm-containing antheridia (an), and rhizoids (rh). The male (C) has a more uniform shape with antheridia across the surface. D-J. When screened at 10-17 DPS, gametophytes from multiple RNAi lines (as indicated) exhibited developmental arrest, mostly associated with a failure of apical cell activity. Arrest occurred at various stages of development from failure to specify an apical cell, resulting in only a rhizoid being produced and no thallus (D) through subsequent thallus proliferation (E-I). Gametophyte development in one line progressed to initiation of the notch meristem but overall thallus size was severely reduced compared to wild-type (J). K-R. In situ hybridization with antisense probes detected CrLFY transcripts in the apical cell and immediate daughter cells of wild-type gametophytes at 4 DPS (K, M). No corresponding signal was detected in controls hybridized with sense probes (L, N). In the arrested gametophytes of two ZmUbipro::CrLFY1/2-i1 lines CrLFY transcripts could not be detected (O-R), and transgene presence was confirmed (Figure 6-figure supplement 1) . Scale bars = 100 µm. PCR and transgenic reporter lines demonstrated that CrLFY1 is preferentially expressed in the shoot 282 apex (whether formed during embryogenesis or de novo on fronds, and both before and after the 283 reproductive transition); in emerging lateral organ (frond) primordia; and in pinnae and pinnules as they 284 form on dissected fronds (Figures 2-4) . Notably, active cell division is the main feature in all of these 285 contexts. CrLFY2 transcript levels were more uniform throughout sporophyte shoot development, in 286 both dividing tissues and expanded fronds (Figure 2) , and expression has previously been reported in is intriguing given that there should be no pressure to retain that pattern in P. patens in the absence of 304 functional necessity. The thalloid gametophytes of the two other extant bryophyte lineages (liverworts 305 and hornworts) resemble the fern gametophyte more closely than mosses (Ligrone et al., 2012), but 306 LFY function in these contexts is not yet known. Overall the data are consistent with the hypothesis that 307 in the last common ancestor of ferns and angiosperms, LFY functioned to promote cell proliferation in 308 the thalloid gametophyte, a role that has been lost in angiosperms where gametophytes have no apical 309 cell and are instead just few-celled determinate structures. 310
311
The range of reported roles for LFY in sporophyte development can be rationalized by invoking three 312 sequential changes in gene function during land plant evolution (Figure 7) . First, the ancestral LFY 313 function to promote early cell divisions in the embryo was retained as bryophytes and vascular plants 314 diverged, leading to conserved roles in P. patens and Ceratopteris (Figure 3) . 315
Second, within the vascular plants (preceding divergence of the ferns) this proliferative role expanded 316 to maintain apical cell activity, and hence to enable indeterminate shoot growth. This is evidenced by 317
CrLFY activity at the tips of shoots, fronds and pinnae (Figures 3-5 Files 2 and 3) . The best-fitting model 397 parameters (JTT+I+G4) were estimated and consensus phylogenetic trees were run using Maximum 398
Likelihood from 1000 bootstrap replicates, using IQTREE (Nguyen et al., 2015) . Two trees were 399 inferred. The first contained only a subset of fern and allied sequences to achieve a more balanced 400 distribution across the major plant groups (81 sequences in total) (Figure 7) , whereas the second used 401 the entire dataset (120 sequences ~50% of which are fern and allied sequences - Figure 1-figure  402 supplement 1). The data were imported into ITOL (Letunic and Bork, 2016) to generate the pictorial 403 representations. All branches with less than 50% bootstrap support were collapsed. Relationships within 404 the ferns (Figure 1) were represented by pruning the lycophyte and fern sequences (68 in total) from 405 the tree containing all available fern sequences (Figure 1-figure supplement 1) . 406 407
CrLFY locus characterization and DNA gel blot analysis 408
Because no reference genome has yet been established for Ceratopteris (or any fern), CrLFY copy 409 number was quantified by DNA gel blot analysis. Ceratopteris genomic DNA was hybridized using 410 both the highly conserved LFY DNA-binding domain diagnostic of the LFY gene family (Maizel, 2005) 411 and also gene copy-specific sequences (Figure 1-figure supplement 2) . CrLFY1 and CrLFY2 share 412 85% amino acid similarity, compared to 65% and 44% similarity of each to AtLFY. DNA gel blotting 413 and hybridization was performed as described previously (Plackett et al., 2014) . The results supported 414 the presence of only two copies of LFY within the Ceratopteris genome. All primers used in probe 415 preparation are supplied in Supplementary File 7. 416 1551bp and 2108bp were obtained, respectively (Figure 1-figure supplement 2) . Exon structure was 419 determined by comparison between genomic and transcript sequences. The native promoter region of 420
CrLFY1 was amplified from genomic template by sequential rounds of inverse PCR with initial primer 421 pairs designed against published CrLFY1 5'UTR sequence and additional primers subsequently 422 designed against additional contiguous sequence that was retrieved. A 3.9 kb contiguous promoter 423 fragment was isolated for CrLFY1 containing the entire published 5'UTR and 1.9 kb of additional 424 upstream sequence (Figure 1-figure supplement 2, Supplementary File 7) . 425 426 qPCR analysis of gene expression 427 RNA was extracted from Ceratopteris tissues using the Spectrum Total Plant RNA kit (Sigma-Aldrich, 428
St. Louis, MO) and 480 ng were used as template in iScript cDNA synthesis (Bio-Rad). CrLFY1 and 429
CrLFY2 locus-specific qPCR primers (Supplementary File 7) were designed spanning intron 1. 
Generation of RNAi constructs 458
RNAi constructs were designed and constructed using the pANDA RNAi expression system (Miki and 459 Shimamoto, 2004) . Four RNAi fragments were designed, two targeting a conserved region of the 460 CrLFY1 and CrLFY2 coding sequence (77% nucleotide identity) using sequences from either CrLFY1 461 (CrLFY1/2-i1) or CrLFY2 (CrLFY1/2-i2), and two targeting gene-specific sequence within the 3'UTR 462 of CrLFY1 (CrLFY1-i3) or CrLFY2 (CrLFY2-i4) (Supplementary File 6) . Target fragments were 463 amplified from cDNA and cloned into Gateway-compatible entry vector pDONR207. Each sequence 464 was then recombined into the pANDA expression vector via Gateway LR cloning (Invitrogen, Carlsbad, 465 CA). 466 467 468 469 described (Plackett et al., 2015) . Transgenic lines were assessed in the T1 generation for T-DNA copy 472 number by DNA gel blot analysis and the presence of full-length T-DNA insertions was confirmed 473 through genotyping PCR (Supplementary Files 5 and 6) . Probes were designed to include the 5'UTR and ORF (CrLFY1 521bp 5'UTR and 1113bp ORF; CrLFY2 494 301bp 5'UTR and 1185bp ORF) (Supplementary File 7) . Tissue was fixed in FAA (3.7% 495 formaldehyde, 5% acetic acid; 50 % ethanol) for 1-4 hours and then stored in 70% ethanol. Whole 496 Sequences belonging to each lineage are denoted by different colours, as shown. The higher-order topology between vascular plant lineages (lycophytes, monilophytes, gymnosperms and angiosperms) is consistent with expected relationships; a gene duplication event resulting in LFY and NEEDLY clades in gymnosperms has been identified previously (Sayou et al., 2014) ; and relationships between bryophyte lineages are consistent with differences in the LFY DNA binding site preference, where hornworts and mosses each differ from the preferred site shared by liverworts and vascular plants (Sayou et al., 2014) . A. Deduced gene structure of CrLFY1 and CrLFY2 loci. All positions marked are given relative to the ATG start codon. Hybridization probes used in DNA gel blot analysis and relevant restriction sites (EcoRI, HindIII) are marked. CrLFY1 probe 1 (868bp) and CrLFY2 probe 1 (851bp) share 79% sequence similarity and hybridize to exons 2+3 of each gene (comprising the conserved LFY DNA binding domain). As such, both probes should hybridize to all members of the LFY gene family. CrLFY1 probe 2 (309bp) and CrLFY2 probe 2 (735bp) hybridize to intron 1 of each gene copy and share no significant sequence similarity. As such, each probe is expected to hybridize to the specific gene copy. B, C. Gel blot analysis of wild-type genomic DNA, digested with EcoRI or HindIII, electrophoresed on an ethidium bromide stained gel (B), blotted to nylon membrane and hybridized against different probes (C) as described in (A). EcoRI digestion was predicted to generate single hybridizing fragments for both CrLFY1 and CrLFY2, each spanning both probes with minimum expected fragment sizes of ~2.0kb and ~3.1kb, respectively. HindIII digestion was predicted to generate a single CrLFY1 hybridizing fragment recognized by both probes with a minimum size of ~1.6kb. HindIII digestion was predicted to generate a CrLFY2 fragment of ~2.5kb hybridizing to probes 1 and 2, a separate fragment with a minimum size of 559bp overlapped by 85bp of probe 1 (and so potentially undetectable) plus an undetectable fragment of 11bp. The hybridization patterns observed (C) are consistent with these predictions, with the exon probes cross-hybridizing to predicted fragments of both gene copies (but not to any additional gene fragments) and the intron probes primarily hybridizing to the respective specific gene copy. 
